Introduction
The severe combined immunodeficiency (SCID) of mice that are homozygous for the autosomal recessive gene mutation 'scid' is manifested as an almost complete absence of functional T and B cells (Bosma et al., 1983; Schuler et al., 1986) . SCID mice have been used as a physiological stratum for the maintenance and function of engrafted organs obtained from either mice or humans (Dorshkind et at., 1986; Mosier et al., 1988) . Donor mouse T and B cells survive in SCID hosts for at least 10 months post-transfer and remain responsive to several different antigens (Mosier et al., 1988) . Similarly, human peripheral blood mononuclear cells (PBMC) have been used to reconstitute B and T cells and generate human serum immunoglobulins in SCID mice. Although the functional capabilities of these cells appear to be impaired, several authors have reported that SCID-hu mice can be infected with human immunodeficiency virus (Kaneshima et al., I991, Mosier, 1991) . We have now extended the use of SCID mice by using them as recipients of the immune system of swine. The reconstitution described in the present paper, inoculation with mature swine lymphocytes, results in a type of reconstitution different to that obtained when haematopoietic stem cells are used. Our purpose was to investigate whether the inoculation of swine PBMC into SCID mice could result in the establishment of a model system to facilitate study of African swine fever (ASF) virus infection.
ASF virus, an enveloped, icosahedral DNA virus, shows a strict host range and cell tropism. Natural infections appear to be confined to ticks and several porcine species, causing a serious and economically important disease. The economic problems that ASF outbreaks pose are accentuated by the fact that no vaccines are available. The virus shows considerable variability and different virus isolates produce diseases with distinguishable clinical symptoms (Pan & Hess, 1984) . The first description of ASF was of an acute disease with mortality rates near 100 %. High levels of virus are present in the blood and tissues of acutely infected pigs. Although virulent strains are widely distributed in Africa, many isolates with reduced virulence have evolved, which cause mortality rates often of less than 50%. With such isolates, pigs recover from acute disease and become asymtomatic. However, virus persists in tissues for up to 6 months. The main histopathological lesions in acute ASF are seen in the antigen-presenting cells of the lymphoreticular system, the arterioles and perifollicular red pulp of the spleen and the Kupffer cells in liver. Haemorrhages are seen in lymph nodes, kidneys, spleen and heart (reviewed in Wilkinson, 1986) . Virus replication takes place in pig mononuclear phagocytes (Carrascosa et al., 1982) and in a small fraction of polymorphonuclear leukocytes (Casal et al., 1984) . All attempts to infect other animal species with ASF virus have been unsuccessful, presumably due to the failure of the virus to replicate in their macrophages. The fact that infected hosts clear the virus with difficulty may relate to the susceptibility of macrophages (Enjuanes et 0001-2095 © 1994 SGM Y. Revilla and others al., 1977 and to the poor induction of neutralizing antibodies, although virus-precipitating, complementfixing and haemadsorption-inhibiting antibodies are present in the sera of infected animals. As in many viral infections it is likely that cell-mediated responses and cytokine production may be crucial for virus clearance and recovery from the infection (Kurane et al., 1989; Revilla et al., 1992). The immunology and pathogenesis of ASF virus infection are poorly understood, and the use of a mouse model susceptible to ASF virus infection might facilitate these studies. To this end, SCID mice were injected in the peritoneal cavity with normal or ASF virus-immune porcine PBMC, and recipients were monitored for the presence of swine immunoglobulins and swine cells. As in the SCID-hu model, Igs were detected in SCID-sw and swine cells were observed in PBMC, spleen and lymph nodes derived from SCID-sw mice. Furthermore, infection with ASF virus led to the production of ASF virus-specific antibodies and ASF virus-specific T-cells.
To our knowledge, this is the first report of the transfer of an immune system other than mouse or human to the SCID mouse, and the first model in which a virus-specific immune response is mounted by the transferred cells.
Methods
Virus. BA71 V, a Vero cell-adapted Ba71 ASF virus isolate, has been previously described, and was assayed by a plaque forming assay (Enjuanes et al., 1976) .
Animals
(i) Mice. C.B.-17 scid/scid (SCID) mice, initially supplied by Dr Fons Uytdeeg~ird (RIUM, The Netherlands), were bred and maintained under specific pathogen-free conditions in the animal facilities of our institution. Animals were not treated with antibiotics and remained healthy throughout the experiments. The absence of detectable murine Ig in the sera was checked by ELISA, and only those mice with < 1 mg Ig/ml serum were used.
(ii) Pigs. Inbred miniature pigs that are homozygous for each of the three separate haplotypes (aa, cc and dd) of the swine leukocyte antigens complex (Sachs et al., 1976) were obtained originally from Dr D. Sachs (NIH, Bethesda, Md., USA). Six male pigs, 6 months old, were either non-inoculated (three) or inoculated (three) with three doses of 1 x 109 autologous monocytes infected with Ba71V at an m.o.i. of 10 p.f.u, per cell. These animals were the source of the non-immune or ASF virus-immune PBMC, respectively, which were transferred to the SCID mice.
Cell transfer. PBMC from ASF virus-immune or non-immune pigs were prepared by Ficoll-Hypaque (Pharmacia) separation (Boyum, 1968) . Based upon the cell dosage used by others (Custer et al., 1985; Bosma et al., 1989) between 5 x 106 and 50 x 106 PBMC in RPMI 1640 (Gibco) were injected (250 ml) intraperitoneally (i.p.) into thirty 8-week old SCID mice for each of the two groups of non-immune or ASF virus-immune pigs.
Detection of swine immunoglobulin in SCID sera. Mouse blood was obtained by retro-orbital collection every week after repopulation with swine PBMC, and the sera were tested for swine Ig concentration by a sandwich ELISA. Briefly, polystyrene microtitre plates (Linbro) were coated with 100ml (1 mg/ml) of goat anti-porcine Ig (Cappel Laboratories) in 50mM-sodium bicarbonate buffer pH 9"5. After blocking and washing, 10-fold dilutions of SCID sera and a standardized control were added to the wells. After incubation and washing, peroxidase-conjugated goat anti-porcine polyvalent Ig (Tago) was added. After a final wash, 1 mg/ml of (o-phenylenediamine, OPD; Sigma) in 0-1 M-sodium phosphate buffer pH 5.5 containing H202 (1 ml/l) was incubated for 15rain at room temperature and the reaction was stopped by the addition of 1 M-H~SO 4. The A4a z was measured. Results are expressed as the mean value obtained from using duplicate wells after extrapolation from standard curve of porcine Ig.
Immunization procedures and detection of ASF virus-specific antibodies. SCID mice repopulated with 50 x l0 s porcine PBMC derived from ASF virus-immune pigs were immunized i.p. with 50 mg of Percoll-purified (Carrascosa et al., 1985) and u.v.-inactivated ASF virus (Ba71V) mixed 1/1 (v/v) with complete Freund's adjuvant (Gibco). The first dose was given 2 weeks after the transfer of swine cells and two booster injections were administered 15 and 30 days later.
To measure ASF virus-specific antibodies, ELISA microtitre plates (Linbro) were incubated overnight at 4 °C with 5 mg/ml of Percollpurified Ba7tV in 100 lal of sodium carbonate buffer pH 9.6. The plates were then saturated for 30 min with 1% PBS-BSA. After washing, 100 lal of SCID sera diluted 1 : 10 in 0.05 % Tween 20, 10 mM-PBS pH 7-2 was incubated for 2 h at room temperature. Sera from ASF virus-immunized pigs and sera from non-repopulated ASF virusimmunized SCID mice were also incubated as controls. After additional washes, peroxidase-conjugated anti-swine Ig was added at a dilution of 1 : 2000 in the same buffer for 1 h at room temperature. After washing, 1 mg/ml OPD and H~O 2 (1 ml/1) in sodium phosphate buffer pH 5.5 were added and the sample was incubated for 15 min. The A49 ~ was measured.
Immunohistochemistry and fluorescence-activated cell sorting (FACS)
analysis. Phenotypic characterization of swine cells in biopsy sections from the spleen of porcine PBMC-reconstituted SCID mice was carried out using standard techniques. Briefly, 6 mm pieces of tissue were frozen rapidly in isopentane that had been precooled in liquid nitrogen and then were stored at -20 °C until use. Distribution of porcine cells was determined on frozen tissue sections by an indirect immunophosphatase method (APAAP) (Cordell et aL, 1985) using a mixture of monoclonal antibodies raised against the following porcine cell surface determinants: CD1, CD2, CD4 and CD8, kindly supplied by Dr J. Lunney (Agriculture Research Service, U.S. Department of Agriculture, Md., USA). In a similar way, visualization of ASF virusinfected cells was performed using a mixture of three different monoclonal antibodies that were reactive with p72 (a major, highly conserved protein of ASF virus) (Garcia-Barreno et al., 1986) . FACS analyses were also performed using the monoclonal antibodies reactive with the different porcine lymphocyte populations, both on cells from peripheral blood and spleen.
Proliferation assay of T cells from SCID-sw mice. Spleen, lymph nodes and peripheral blood cells from normal or SCID-sw mice were prepared under sterile conditions and single-cell suspensions were cultured in 96-well plates (Costar) at 105 cells/ml in RPMI 1640 (Gibco) supplemented with 10% fetal calf serum (Gibco), 1 mMglutamine, 100 U/ml penicillin-streptomycin, 10 m~-HEPES, 5x 10 -s M-2-mercaptoethanol (Sigma) and inactivated ASF virus (1 lag/10 s cells). Coneanavalin A (Con A) (Pharmacia) (5 mg/ml) was added to the cultures. Immune reactivity in terms of cell proliferation was determined by pulsing the cells after 3 days in culture with 37 MBq (10 mCi/ml) of tritrated thymidine ([3H]TdR) (Amersham) 74 GBq/mmol (2 Ci/mmol) for 18 h at 37 °C in 5% CO 2. Cells were then harvested and [3H]TdR incorporation was measured.
Infection of reconstituted SCID mice with ASF virus. Ba71V (108 p.f.u,/mouse) was injected intravenously into the base of the tail of 10 SCID-sw mice 3 weeks after reconstitution with porcine PBMC. Normal SCID mice were also injected with the virus as a control. One week later mice were sacrificed and spleen cells were scored for ASF virus infection using monoclonal antibodies to the virus.
Results and Discussion
Swine Igs and lymphocytes in SCID-sw mice SCID mice were reconstituted using peripheral blood mononuclear swine cells. Thereafter they were routinely analysed for the presence of both mouse Igs as well as for swine Igs by ELISA using anti-mouse or anti-swine Igs respectively, and the mice that were positive for murine antibodies were discarded. Swine Igs were present in the concentration range of 0-2 to 4 mg/ml in the serum of 20 out of 25 SCID mice reconstituted with PBMC from non-immune swine. As shown in Fig. 1 , SCID mice reconstituted with l0 G to 50 × 106 swine PBMC resulted in a similar concentration of swine Igs in the serum although the kinetics of reconstitution was different. Thus, 4 weeks after reconstitution, mice injected with 106 cells had in their serum quite low titres of swine antibodies (180gg/ml) whereas mice injected with 50 x 106 had a 10-fold higher concentration of swine Ig (1-8 mg/ml). It appears that, by analogy with SCID-hu, either only a fraction of injected cells persists in recipient animals, or large numbers of transferred cells are required to overcome host resistance, or else interactions between relatively rare transplanted cells contributes to successful reconstitution (McCune et al., 1988; Kramns et al., 1989) .
We found no illness, tumours or leakinesses in SCID mice injected with 50x 106 swine PBMC when the animals were routinely examined after transfer. This is concordant with previous data from different authors (Mazingue et al., 1991 ; Mosier et al., 1992) , who reported the successful transfer of the same number of human PBMC from Epstein-Barr virus-seronegative donors, with no human B cell lymphomas or death observed in these animals, and only rare graft-versus-host disease symptoms.
Swine lymphoid cells were detected 4 to 6 weeks after the transfer, in blood and spleen from eight out of ten SCID-sw mice reconstituted with PBMC from nonimmune pigs. In the spleen, the presence of swine cells was detected by using a mixture of monoclonal antibodies specific for swine lymphocytes (CD 1, CD2, CD4 and CD8) by analysis of sections using an indirect immunophosphatase method. Swine cells were localized in the perivascular space of the white pulp (Fig. 2 ) and these cells were no longer detected 8 weeks after transfer. No signal was detected in the spleen from nonreconstituted SCID mice, indicating that there is no cross-reaction of the monoclonal antibodies with mouse antigens. According to the method used by other authors (McCune et al., 1988) a mixture of monoclonal antibodies was used in these experiments because a relatively low proportion of swine cells, accounting for 10 % of total mononuclear spleen cells, could be detected in FACS analysis at day 40 after transfer. The presence of up to 15% of swine cells at days 30 to 40 after the transfer was detected by FACS analysis on peripheral blood cells from SCID-sw mice. Individual phenotypic studies using monoclonal antibodies raised against either B or T swine cell markers revealed a relative percentage for B lymphocytes of 7-4% and for CD4 and CD8 subpopulations of T lymphocytes of 3.4 % and 5.2 %, respectively.
Presence of a functional immune system in SCID-sw mice
The demonstration of a functional swine immune system in SCID-sw is of critical relevance for the potential uses of the model. We assessed this in different ways. First, we detected swine-specific antibodies to ASF virus in the serum of 18 out 20 SCID-sw thai had been reconstituted with PBMC from ASF virus-immune pigs (and boosted with the ASF virus), indicating that swine T and B lymphocytes were functional and antigen-presenting cells do exist. ASF virus-specific antibodies reached a maximum at 3 weeks after the last of the three doses of virus, corresponding to the eighth week after transfer (Fig. 3) . These results are very similar to those described by Mosier et al. (1988) , showing reconstitution of T a n d B cells a n d i n d u c t i o n of a secondary response against the tetanus toxoid antigen. F u r t h e r m o r e , we have also f o u n d a lower primary response in a small n u m b e r of SCID-sw mice that were reconstituted using P B M C from n o ni m m u n e pigs.
Secondly, individual mice that were found to have levels of swine Igs higher than 1 m g / m l in their sera were sacrificed, and cells from their spleen, lymph nodes and blood were cultured in the presence of optimal doses of antigen or mitogens. As shown in Table 1 , C o n A promotes extensive T cell proliferation in lymphocytes isolated from spleen, lymph nodes and peripheral blood from SCID-sw but not from S C I D mice. The Con Amediated cellular proliferation was found to be similar whether SCID mice had been transferred with P B M C from A S F v i r u s -i m m u n e or n o n -i m m u n e pigs. M o r e interesting, however, is the fact that when SCID mice were reconstituted with P B M C from swine previously i m m u n i z e d with ASF, SCID-sw lymphocytes proliferated in response to C o n A as well as to A S F virus. Cells from non-transferred, A S F virus-immunized SCID mice, did not show proliferation at any time of culturing, indicating that the transfer of porcine P B M C gave rise to the specific i m m u n e function, and that cells from n o r m a l S C I D mice were not able to proliferate in response to A S F virus (Table 1) .
The S C I D -h u mouse was established as a small animal model in which the pathophysiology of h u m a n i m m u n odeficiency virus infection might be studied ( K a n e s h i m a et al. , 1991 ; Mazingue et al., 1991 ; Namikawa et al., 1988) . We here document the presence of ASF virus-infected cells in the spleen of SCID-sw mice injected with infectious ASF virus (Fig. 4) . Viral protein was detected using a set of three different monoclonal antibodies specific for p72, a major conserved protein of ASF virus. It is a late protein in the viral replication cycle, and it is not detectable in abortive infections induced when ASF virus is internalized by phagocytes from virus-resistant species, for example the mouse (Alcami et al., 1990) . Because of that, cells from the spleen of SCID-sw mice expressing p72 undergo a complete infection. As ASF virus has been shown to replicate only in pig cells, but not in mouse cells, we can conclude that the cells stained in the spleen from the infected SCID-sw must be of swine origin. Attempts to recover infectious virus by titration of the supernatants from the spleen cells of infected SCID-sw were made. The virus titre was slightly higher compared with uninfected controls, but the kinetics of the infection could not be clearly demonstrated. The explanation for these apparently negative results can be that Ba71V, the ASF virus strain used in these experiments, is an attenuated virus. We have previously established in our laboratory that Ba71V partially lost its capability to infect Vero cells following one passage on swine macrophages; the infections of SCID-sw involve many cycles of replication of the virus in macrophages, and its infectivity is probably too low to allow the detection of infectious virus.
No viraemia or clinical symptoms were detected in SCID-sw mice but this is not surprising as Ba71 virus does not induce acute disease when it naturally infects pigs. However, macroscopic analysis of the organs from infected SCID-sw revealed lesions similar to those described for the infected swine (Fernandez et al., 1992) , such as small haemorrhages particularly in spleen and kidneys or oedema in the lungs and hyperplasia of the lymphoreticular tissues.
The potential use of the sw-SCID mice model could lead to a better understanding of phenomena which are difficult, if not impossible, to study in ASF virus-infected pigs.
